Survival of a fecal coliform (Escherichia coli) and a fecal streptococcus (Streptococcus faecalis var. liquifaciens) was studied through several years at shaded and exposed outdoor soil plots. Death rates for both organisms were calculated for the different seasons at both sites. The 90% reduction times for the fecal coliform ranged from 3.3 days in summer to 13.4 days in autumn. For the fecal streptococcus, 90% reduction times were from 2.7 days in summer to 20.1 days in winter. During summer, the fecal coliform survived slightly longer than the fecal streptococcus; during autumn, survival was the same; and in spring and winter the fecal streptococcus survived much longer than the fecal coliform. Both organisms were isolated from storm-water runoff collected below a sampling site when counts were sufficiently high in soil. Isolation was more frequent during prolonged rains, lasting up to 10 days, than during short rain storms. There was evidence of aftergrowth of nonfecal coliforms in the soil as a result of temperature and rainfall variations. Such aftergrowth may contribute to variations in bacterial count of storm-water runoff which have no relation to the sanitary history of the drainage area.
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Fecal contamination of soil and subsequent entry of contaminants into a water supply presents a more complex situation than direct contamination by sewage. To evaluate the hazard presented, one must consider the survival of organisms during their residence in soil and the likelihood of their being washed out by storm-water runoff. The pollutional characteristics of urban runoff have been studied by Weibel et al. (23) , who presented evidence that the bacterial content was of nonhuman origin. More recent work (Geldreich et protected wells and springs by seepage and flooding, and contamination of watersheds supplying recreational or potable water. Unrelated to water is transmission by insects or rodents transporting pathogenic organisms from contaminated soil, compost, sludge drying beds, or manure.
The true incidence of human disease arising from fecal contamination of soil is impossible to determine. However, an insight into the problem may be gained from the reported incidence of water-borne disease. A review of water-borne disease outbreaks occurring from 1946 Pollution of the soil surface presents a situation difficult to control at the source, so protection must be secured through knowledge of the characteristics of soil contamination and application of this knowledge to safeguard water supplies and bodies of recreational water. Rudolfs et al. in 1950 (20) reviewed the early literature relating to survival of pathogenic and indicator bacteria in the environment. Studies on the survival of S. typhosa were conducted as early as 1889 when the organism was reported to survive in soil for 5.5 months (10) and for 3 months (11) .
In 1940, Beard (3) studied the survival of S. typhosa in various types of soil in clay flower pots exposed outdoors. Moisture appeared to be the most important factor for survival, and soil type was significant insofar as it determined moistureholding capacity. A 90% reduction of bacterial counts in sand occurred within 1 day in the (California) dry season and 3 days during the rainy season. In loam, the 90% reduction times were 5 days in dry weather and 25 days in very wet weather. Sunlight had a lethal effect, aside from that induced by drying, on organisms near the surface, but not on those below. Sewage or feces added to soil resulted in earlier death of the organism. Soil pH between 6.5 and 7.5 had little influence on survival. At temperatures below freezing, survival of S. typhosa was much longer in soil than in feces.
In another study conducted with soil in metal cylinders held under greenhouse conditions, Mallmann and Litsky (14) found that S. typhosa in sewage-enriched "muck" underwent a 90% reduction of counts in approximately 3 days, and in only 1 day in untreated sand and loam.
Salmonellae have also been shown to persist in naturally contaminated soil. S. typhimurium was found in pasture soil at a farm where acute salmonellosis had occurred in cows during the preceding 9 months (17). In another instance, which may have been either the cause or result of a human outbreak, S. typhimurium was found in garden soil at least 280 days after contamination (13) .
Survival of other pathogens in soil has been studied. Brucella abortus was shown to survive up to 125 days in soil during the winter (27) . The bovine tuberculosis bacillus has been found up to 178 days after inoculation of soil with 100,000 organisms per g (12) . With soils held at 28 C, Rhines (19) Expedience dictates the use of indicator bacteria in routine investigation of the sanitary significance of soil and storm-water pollution. The relationship of fecal coliforms and, to a lesser extent, total coliform counts in soils to probable human and animal contamination has been demonstrated (8) .
Soil studies conducted with coliforms, fecal coliforms, and fecal streptococci have shown the importance of influences such as sunlight, temperature, rainfall, soil moisture, pH, organic matter, and the presence of other microorganisms. Thus, as in waters, a reasonable similarity of ecological factors exists which influence survival of indicator organisms and intestinal pathogens.
There are conflicting reports on the relative survival times of fecal coliforms versus fecal streptococci in soil. Ostrolenk et al. (18) reported that Streptococcus faecalis in soil held in shallow pans survived much longer than Escherichia coli, both at room temperature and at 7 C. Under greenhouse conditions, S. faecalis died off much more rapidly than E. coli (14) .
Soil pH has been shown to influence the survival of fecal coliforms and fecal streptococci in bottled soil incubated at 18 C in the dark (4) . In this instance, very acidic peat soil (pH 2.9 to 3.7) caused rapid death for both organisms (0.1% survival in less than 10 days). Raising the pH of the same soil caused no multiplication, but greatly extended the survival of the fecal streptococcus. With pH 5.6 to 6.3, the fecal coliforms multiplied to a very high level and persisted for 110 days. This aftergrowth was attributed to release of nutrients or an effect upon inhibiting agents at this pH.
Some initial aftergrowth seemed to occur with S. faecalis and E. coli when sterile sewage sludge was added to soil in metal cylinders (14) . The addition of sludge was interpreted as prolonging survival ofthe organisms, whereas in reality the survival rate was about the same as in a cylinder of control soil without sludge. A single occurrence of aftergrowth had increased the initial number of organisms in the enriched soil. Likewise, both coliforms and streptococci were thought to die sooner in sand than in loam; however, the data show the real death rates to be the same regardless of soil type. By chance, higher numbers of both organisms were seeded into the loam than into the sand. The criterion for judging relative survival time was the last day of isolation from soil. These two factors, together with the vagaries of the multiple tube method of organism recovery from soil, made it appear that there were differences in survival. Because death, in these experiments, is a rate process and is independent of actual numbers of organisms, the higher the inital number of organisms, the longer the apparent survival was.
Evidence of soil coliform aftergrowth following rainfall and rapid decline during freezing weather was presented in a study employing soil in metal tanks, screened and protected from contamination, but otherwise exposed to the environment (26) . Aftergrowth was also observed in artificially inoculated soil stored in bottles when the soil moisture was maintained at 10 to 40% of saturation. Aftergrowth of total coliforms, but not fecal coliforms or fecal streptococci, has also been observed in settled and chlorinated storm-water runoff (5) .
A seasonal pattern of occurrence of coliforms, fecal coliforms, and fecal streptococci in stormwater runoff has recently been noted, as has a relationship between coliform IMViC types indigenous to soils and those appearing in runoff (Geldreich et al., unpublished data). If aftergrowth of indicator bacteria occurs in soils, this may account for some of the seasonal variations in runoff counts, and if the soil has not been recently contaminated, the runoff would supply an immediate dose of organisms to a receiving water out of proportion to the true sanitary history of the area.
In this study from May 1963 to March 1966, an attempt was made to simulate natural soil contamination by repeatedly dosing two outdoor soil plots with specifically identifiable "tracer" strains of bacteria, a fecal coliform and a fecal streptococcus. Survival of the tracer organisms was studied through the seasons. It was possible to observe the naturally occurring coliform, fecal coliform, and fecal streptococcus populations as they reacted to the influences of the environment. Storm-water runoff draining from the vicinity of one soil plot was also examined for the tracer organisms.
MATERIALS AND METHODS
Locations portraying extremes of environmental exposure were selected for inoculating soil with tracer organisms. One Neither site is subject to a great deal of human activity. The hillside location is occasionally covered in winter with plowed snow from an adjacent road. Occasional squirrel and raccoon activity has been seen in the general area. The lawn area is untouched except for mowing at very infrequent intervals.
A strain of E. coli type I capable of producing H2S at 44.5 C was employed as the fecal coliform tracer. This variant, originally isolated from chicken feces, has not been found in soil during previous studies, nor in feces of pets or indigenous wild animals that might contaminate the sampling sites. This organism appears to be a typical fecal coliform in all other characteristics.
The fecal streptococcus tracer used was a strain of S. faecalis var. liquifaciens capable of rapid (within 18 to 24 hr) coagulation of litmus milk at 35 C. Similar strains have occasionally been isolated from soil and storm-water runoff, but not in sufficient numbers to interfere with its use in this study.
Eight flasks, each containing 750 ml of Brain Heart Infusion were used in this study. Four flasks were inoculated with approximately 107 E. coli tracer organisms per flask, and the remaining four flasks with the same number of S. faecalis tracer organisms. Flasks were incubated at 44.5 C for 24 hr, and a count of each flask was performed before soil inoculation.
Soil sites were inoculated by evenly pouring 1,500 ml of culture of each organism over a cleared and marked square meter area. The total number of organisms in each series ranged from 1.2 X 1010 to 2.8 X 1012 for the fecal coliform and from 3.8 X 1011 to 1.8 X 1012 for the fecal streptococcus.
Initial soil counts were made 24 hr after soil inoculation. Samples were taken daily for 2 weeks, then three times a week for the next 2 weeks, twice weekly for the next 2 weeks, and once a week until the tracer organisms could no longer be detected.
Samples were taken with a sterile spatula by scraping approximately 1.2 cm of surface from at least five different points at a site. Samples were mixed; then 10 g was suspended in 90 ml of sterile buffered dilution water, and homogenized by shaking with glass beads. Multiple tube (most probable number, MPN) confirmed, completed, and fecal coliform tests were conducted as described in Standard Methods (1) . For detection of the fecal coliform tracer, positive brilliant green bile tubes having positive companion EC broth tubes were transferred to tubes of Triple Sugar Iron Agar (TSIA). TSIA tubes were incubated at 44.5 C for 48 hr, and tracer MPN values were calculated from tubes showing H2S production.
Fecal streptococci were counted with pour plates of KF streptococcus agar. Twenty-five isolated colonies per sample were picked from countable KF plates into litmus milk, incubated at 35 C, and observed for rapid coagulation to determine the proportion of tracer fecal streptococci.
Dry-weight determinations were made with 5-g portions of soil, dried at 105 C for 48 to 96 hr. The pH of each soil suspension was determined electrometrically, immediately after preparation.
The minimal detectable level for the fecal coliform tracer with the multiple tube technique was 0.2 per g, and for fecal streptococci with the plate count method was 5 per g. However, erratic results were encountered at these levels, and there was occasional interference from soil organisms in TSIA tubes from 1-g portions, so values below 10 per g for the fecal coliform tracer and 100 per g for the streptococcus were not used in computing survival rates.
Whenever possible, runoff samples were collected three times daily, at intervals of 4 hr, at the outfall below the hillside sampling site. The membrane filter technique, with the use of M-FC medium, was employed for detection and primary isolation of fecal coliforms in runoff. Ten blue colonies were picked at random from a membrane for enrichment in phenol red-lactose broth, and transferred into EC broth and TSIA for detection of the fecal coliform tracer strain.
KF streptococcus agar was used with the membrane filter technique for runoff. Ten typical colonies were picked into litmus milk for detection of the tracer.
For determining death rates of the tracer organisms in soil, MPN values for the fecal coliform tracer and verified plate counts for the fecal streptococcus on a per gram (dry weight) of soil basis were converted to percentage of initial counts. Rates for individual sampling series were determined with the aid of a digital computer, using a least-squares program of time versus log per cent survival. Different sampling series conducted during the same season produced very similar rates. Such multiple series were combined and recomputed to produce average seasonal rates which are more likely to express the real rates.
RESULTS AND DISCUSSION
The death rate observed for each soil inoculation series is influenced by many environmental factors which are constantly changing and are impossible to define completely. Conditions producing a very rapid kill, as seen here during the summer, allow less time for seasonal changes and minimize these variations. The net result during the summer, then, was not only a very rapid death rate, but also one clearly logarithmic in slope, even with raw data. Under less hostile conditions, the organisms persist longer and thus are exposed to a greater variety of environmental conditions, each of which may tend to produce its own particular death rate during one segment of time. The total result for a cooler season was a rate made up of these individual components, tending to vary slightly from an ideal logarithmic curve. It was not possible to isolate any of these individual components and determine valid subdivisions of a total death rate. In spite of these variations, a logarithmic death rate appeared to give the best description of the observed die-aways. The applicability of the observed survival may also be greater when it corresponds with conditions that naturally-induced contamination is likely to encounter.
The characteristic survival patterns of the indicator organisms were determined as rates describing their persistence in soil. The fecal coliform tracer has been isolated from soil in counts of 0.2 per g about 168 days after inoculation, and the fecal streptococcus was found once at 5 per g after 142 days. Such occurrences were erratic and were likely due to nonuniform distribution of small numbers of organisms, and to clumping which might improve protection from adverse environmental conditions. These low levels would have no significance in their contribution to stormwater pollution. Figures 1 and 2 illustrate the decline of the E. coli and S.faecalis tracers at the two sampling sites during different seasons, along with the 95% confidence limits of the rates. The effects of the environmental extremes at the different sites are most notable in the summer and autumn series, when both organisms at the protected hillside site survived approximately twice as long as at the exposed lawn site. Warm, dry, and generally clear conditions prevailed during both seasons, but the extreme temperatures during the summer series were reflected in the much more rapid death rates.
During winter and spring, survivals of both or- 1.366 ganisms at the hillside and lawn sites were very similar. This may be a reflection of the cool, wet weather, but it may also be partially explained by the reduced solar radiation from heavy cloud cover, shortened days, and low solar angle, making conditions at the two sites comparable. It is also possible that survival per se at the hillside site was longer, but loss of organisms through runoff was great enough to make rates at the two sites appear similar. In addition to the seasonally changing patterns of survival between the two sites, the relative survival of the two indicator organisms undergoes a shift at both sites. During the summer, the fecal coliform survives slightly longer than the fecal streptococcus, in the autumn there is little difference between the two organisms, and in winter and spring the fecal streptococcus survives much longer than the fecal coliform. This increased persistence of fecal streptococci in cold weather is consistent with studies on survival of fecal coliforms and fecal streptococci in stormwater runoff (Geldreich et al., unpublished data) and in fish intestinal material (7) .
Soil moisture and pH may influence survival directly, or may only reflect changes in the more important factors such as temperature, sunlight, and precipitation. The moderating effect of the hillside was seen most distinctly in the summer when soil moisture was consistently higher and less subject to fluctuations than the unprotected lawn site. During other seasons, there was little difference in soil moisture between the two locations. Soil pH had a tendency to rise slightly with with increasing moisture; extremes encountered during the study were pH 7.2 and 8.5. The two sampling sites generally had parallel pH pictures; however, the lawn site averaged 0.2 to 0.3 pH unit higher than the hillside site. These variations probably had little direct influence on survival of the tracer organisms, although they may have affected aftergrowth of nonfecal coliforms.
There appeared to be some aftergrowth of both tracer organisms, particularly in wet weather, although it was not so evident as with nonfecal coliforms. The multiple-tube technique employed for detecting the fecal coliform tracer had the disadvantage of obscuring levels of nonfecal coliforms at or below those of the tracer. Consequently, it was usually impossible to follow the dynamics of the populations represented by the confirmed and completed tests until the tracer coliforms declined significantly. Nevertheless, there was evidence of initial aftergrowth of soil coliforms, stimulated by nutrients remaining from the broth inoculum. Nonfecal coliforms reappearing after decline of tracer organisms were present in much higher numbers than before soil inoculation. In several instances, the initial level of the fecal coliform tracer was inadvertently low, and it was possible to observe directly the multiplication of the nonfecal coliforms. There followed a definite cycling of total coliforms at both sites, in patterns closely associated with temperature and rainfall. These variations were large enough and consistent enough to be regarded as due to aftergrowth in soil and not as products of the variabilities of the methods employed. Nor were these fluctuations related to animal contamination, since they appeared simultaneously at both sites and there was no increase of nontracer fecal coliforms and streptococci. Figures 3 and 4 illustrate the population dynamics of the different members of the coliform group as represented by the confirmed test, completed test, and fecal coliform tracer, as seen at the lawn site through several inoculation episodes. Because only 5 of the 19 coliform inoculations are illustrated, all the seasonal phenomena observed cannot necessarily be seen. It should also be noted that some resolution was lost near the end of each sampling series when samples were collected only once or twice each week, and population changes may have occurred. Counts are presented on a basis of organisms per gram of soil by wet weight. Conversion to a dry-weight basis woulcl further accentuate the increases associated with rainfall and soil moisture.
After the initial rise in nonfecal coliforms due to soil inoculation, there is usually a decline to more typical levels as nutrients are exhausted, and subsequent patterns of fluctuation are closely associated with climatic conditions. Under nonfreezing conditions, an increase in nonfecal coliforms would occur after a rainfall. The magnitude of the increase was not proportional to the amount of rain; rather, it seemed to be related to the temperature conditions following the rainfall. Very warm weather following a rain shower would cause a considerable increase (up to 100-fold) in soil coliforms, whereas the increase would be more moderate when cool weather followed rain. These increases were not caused solely by mechanicaltransfer of organismsfrom adjacent areas, because a very light rainfall on dry soil did not cause any runoff or apparent dislocation of soil particles, but it was still followed by increased counts of soil coliforms.
Drying could be isolated consistently until counts in soil dropped below 10,000 per g. Once the soil dried out after prolonged rains, subsequent showers failed to produce significant numbers of tracer organisms. Isolation during summer and autumn was sporadic, and usually occurred only when tracer counts in soil were over 100,000 per g. A contributing factor to the difficulty of isolation during these seasons was the very high levels of naturally occurring fecal coliforms and fecal streptococci, which hampered the effectiveness of the methods used for tracer organism isolation. There was no apparent difference between the two tracer organisms in their frequency of isolation from runoff, other than that resulting when their relative counts in soil differed greatly.1 In such instances, recovery rates were approximately proportional to the relative numbers in soil.
There are many factors which might alter survival in as complex an environment as soil. Temperature, soil moisture, and pH may indirectly influence survival of enteric bacteria by regulating the growth of antagonistic organisms such as protozoa, fungi, and actinomycetes. Unlike those discharged into a water environment, bacteria deposited on soil via feces are immobilized and subject to the ecology of a specific site. Organic nutrients present in feces may also provide a favorable environment for multiplication of antagonistic organisms. Antibiotics (tetracyclines) have been produced in unsterilized soil inoculated with the parent Streptomyces if a carbon source is provided (21) .
It should be noted that survival of stock cultures of organisms grown in an artificial medium might differ from survival of freshly excreted "wild" organisms. Although the Brain Heart Infusion used for soil inoculation differs greatly from fecal material in composition, the intent was to administer a localized supply of nutrients, allowing the establishment of biological relationships akin to what might occur under natural conditions. The broth still had considerable nutrients remaining after incubation with the tracer organisms. Cell-free filtrates from 24 (25) . The repeated aftergrowth of total coliform bacteria, as measured by the confirmed and completed tests long after inoculation, which was apparently related to weather conditions and not to renewed contamination, makes this group a poor indicator for water subject to storm-water contamination. This was also noted with settled and chlorinated storm-water runoff (5) . The unreliability of the total coliform group in these instances does not detract from its usefulness as an indicator in finished water. It has been recommended (8) that the completed coliform test be used in examination of soil, because of the presence of a large number of organisms producing false confirmed tests. This was observed at both sampling sites, and it was also noted that the differences between the confirmed and completed tests were highly erratic. Apparently the organisms producing false positives responded differently from true coliforms to certain environmental influences. Use of only the confirmed method for waters subject to stormwater pollution would introduce this variability into the results. Therefore, any reliance on total coliforms in such waters requires frequent reference to the completed test or use of the membrane-filter technique. The seasonal reversal of survival characteristics of fecal coliforms versus fecal streptococci indicates a need for evaluating their relative advantages as sanitary indicators, if a choice must be made. Mundt (16) has found high levels of fecal streptococci on the floral parts of corn, presumably caused by growth of organisms introduced by insects. Geldreich et al. (9) found significant numbers of fecal streptococci, but few fecal coliforms on a variety of vegetation. Large numbers of fecal streptococci were also found on six orders of insects, but fecal coliforms occurred only on those which spend part of their life cycle in contact with fecal wastes. These sources of fecal streptococci are probably of no sanitary significance, but they constitute a reservoir of organisms that find their way into storm water and cause misleading results. The closer relationship of fecal coliform growth and survival to that of Salmonella and Shigella (7) is another indication that the fecal coliform group is the indicator of choice. If it is practical to use the fecal coliform and fecal streptococcus procedures together, they will indicate not only the degree of pollution, but their ratio will also indicate whether the source is of human or animal origin (6) .
